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NATIONALADVISORYCOi!MIl?.TEEFORAERONAUTICS

RESEARCHMEMORANDUM

PRESSUREDISTRIBUTIONSANDAERODYNAMICLOADINGSFOR

SEVXRALFLAP-TYPETRAILING-EDGECONTROLSONA

TRAPEZOIDALWINGATMACENUMBERS

OF 1.61AND2.01

By DouglasR. LordandK. R. Czarnecki

SUMMARY

An investigationhasbeenmadeatI@chnumberso;1.61and2.01for
a rangeofReynoldsnumberfrom1.7x 106to 5.6x l@ to determinethe
pressuredistributions,chordwiseloadings,andspanwiseloadingsfora
seriesof 25.4-percent-chordtrailing-edgecontrolsonatrapezoidalwing
havinga 23°sweptbackleadingedge,aspectratioof3.1,andtaperratio
of0.4. Measurementsweremadeatanglesofattackfrom0°to115° for
controldeflectionsfrom-30° to 30°.

Thepressurechangesdueto increasingtheMachnumberM werein
fairagreementwiththechangespredictedby the l/~=1 relationship.
VariationsinReynoldsnumberhada negligibleeffect.Flowthroughan
enlargedhinge-linegapwasinthedirectionfromthehigh-tothelow-
pressuresurfaceofthecontrol.Shock-expansiontheoryandthesemi-
infinitelinesourceandsinklinear-theorymethodpredictedthepressures
dueto wingthickness,whereasshock-expansiontheorypredictedthepres-
suresdueto controldeflection;however,lineartheorywasgenerally
unsuccessfulinestimatingthepressuresintheregionsaffectedby the
wing-tiporwing-controlpartinglines.Thechordwiseloadingsonthe
controltendedtobe rectangulardueto controldeflectionor angle
ofattack,andonthecompletewingtendedtobe triangulardueto
angleofattack.Separationand/orshockdetachmentaheadofthehinge
linehadlittleeffectonthecontrolspanwisenormal-forceloadings,but
causedincreasedwingspanwisenormal-forceloadings.Increasingthe
trailing-edgethiclmessincreasedboththewingandcontrolspanwise
loadings.Theexperimentalvariationsinloadingacrossthespanwere
linearandabout70percentofthetwo-dimensionalvaluepredictedby
lineartheory,exceptforthewingnorml-forceloadingsduetoangleof
attackwhichagreedwithlineartheory.Boththeexperimentalcarryovers~.
of loadfromcontroltowingandlossesinloadfromtwodtiensionalto
controltipregionwerelessthanpredicted.Thenmvementsof thecen-
tersofpressureof thewingloadwithangleofattackandcontroldeflec-
tionwere,ingeneral,smooth.Thecentersofpressureofthecontrol
loadingswerelocatedapproximatelyatthecontrolcentroids.

. .. . .. —-.——_ —————--— ———— .. ..._ ———.— -. ._
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INTRODUCTION

As partofa generalprogramofresearch
tionisunderway intheLangley4-by l-foot

NACARM L75J03

oncontrols,an investiga-
supersonicpressuretunnel

to determinethe-importantP&=eters inthedesignof controlsforuse
ona trapezoidalwingat supersonicspeeds.Thefirstresultsofthe
testswerereportedinreference1 andshowedthecontroleffectiveness
andhinge-momentcharacteristicsfora seriesofflap-typetrailing-edge
controlsona winghaving23°of sweepoftheleadingedge,anaspect
ratioof3.1,anda taperratioof0.4.

Thepresentreportis intendedto be complementaryto reference1
inpresentingthepressuredistributionsanddiscussingthebasicflow
phencnnenainvolvedintheflowoverthewing-controlconfigurationswhich
producedthevariationsinintegratedcoefficientsshowntherein.In
addition,thepresentreportwillpresentthechordwiseandspanwise
loadingsassociatedwiththesewing-controlconfigurationsfortheinfor-
mationofthestructuraldesigner.Theuseofavailabletheoretical .
methodsforpredictingthepressuredistributionsandloadingswill.also
be considered.

.
Thewingangle-of-attackrangeforthesetestswasfrom0°to~12°

orkl~”andthecontroldeflectionrange,relativeto thewing,wasfrom
-300to30°. ThetestswereconductedatMachnumbersof1.61and2.01
fora Reynoldsnumberrangefrom1.7x 106to 5.6x 106,basedonwing
meanaerodynamicchordof11.72inches.Thecompletepressure-distribution
resultsforthesetestsarepresentedintabularforminreference2.

SYMBOLS

cm

Cmf

Cn

cnf

b/2

c

E

sectionpitching-moment’coefficient(takenaboutmidchord
ofwingmeanaerodynamicchord)

sectionpitching-momentcoefficientdueto controlload

sectionnormal-forcecoefficient

sectionnormal-forcecoefficientdueto controlload

wingSemispan

winglocalchord

wingaveragechord

/-

—— ——— ——.— .—___— ——-—
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P2

()P2 - PI~1 =r

P

PcJ

q

q “

R

t

x

3

wingrootchord

streamMachnumber

localMachnumberon surfaceaheadofhinge-lineshock

streamstaticpressure

localsmfacepressure

localstaticpressureon surface
shock

localstaticpressureon surface

aheadofhinge-line
.

behindhinge-lineshock

criticalpressureratioforcausingflowseparation

criticalpressure-risecoefficientforcausingflow
separation

PZ-P
pressurecoefficient,

t)

.AE
q *’

resultantpressuxecoefficient(lowe-rsurfaceP minus
uppersurfaceP)

pressurecoefficientcorrespondingto soniclocalvelocity

streamdynamicpredsure

localdynamicpressuxeaheadofhinge-lineshock

Reynoldsnumiber(basedonwingmeanaerodynamicchord)

ratioof controltrailing-edgethicknesstohinge-line
thickness

distanceinchordwisedirection:

(a)fromwingapexin x/cR plots
(b)fromlocalleadingedgein x/c plots -

Jj:,--@m@’_~

.

.
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chordwise&Lstancefromwingapexto centerofpressure
ofwingpluscontrolloading

chordwisedistancefromhingelineto centerofpressure
of controlloading

distanceinspanwisedirectionfromwingrootchord

spanwisedistahcefromwingrootchordto centerof
pressureofwingpluscontrolloading

spanwisedistancefrom-wingroot
pressureof controlloading

wingangleofat%ackstreamwise,

chordto centerof

deg

ratioof specificheat,atconstantpressureto specific
heatat constantvolume

controldeflectionrelativetowing(positivewhen
controltrailingedgeisdown),deg

effectiveflowseparationangle

mximumturninganglepossible

prefixindicatingchangedue

APPARATUS

WindTunnel

Thisinvestigationwasconductedinthe

to a or b

Langley4-by 4-footsuper-
sonicpressuretunnel,whichisa rectangukr,closed-throat,single-
retunitypeofwindtunnelwithprovisionsforthecontrolof thepres-
sure,temperature,sndhumidityoftheenclosedair. Flexiblenozzle
wallswereadjustedto givethedesiredtest-sectionMachnumbersof1.61
and2.01.Duringthetests,thedewpointwaskeptbelow-20°F at atmos-
phericpressuresothattheeffectsofwatercondensationinthesuper- “
sonicnozzlewerene@igible.

.

.

qf,~iem -----L’
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ModelandModelMounting

Themodelusedinthisinvestigationconsistedofa trapezoidalwing
havingstxinterchangeabletrailing-edgecontrolsandvariousassociated
controladapters(orreplacementsections)requiredtofitthecontrols
tothebasicwing.A sketchofthesixmodelconfigurationsis shownin
figure1 withtheshadedsreasdenotingthemovablecontrols.

Thebasicwinghada 23°sweptbackleadingedge,a rootchordof
15.88inches,a tipchordof6.17inches,anda semispanof 17.02inches.
Thewingsectionwasa modifiedhexagonhavinga constantratioof local
thicknessto localchordof 4.5percent.Theflatmidsectionextended
from30-percentchordto 70-percentchordandthecornersjoiningthe
flatmidsectiontotheleading-andtrailing-edgewedgeswererounded
toa 22.5-inchradius.Theunswepthingelineswerelocatedatthe
74.6-percent-chordlineforallcontrolconfigurations.As shownin
figure1 controlconfigurations4, 5,and6 hadidenticalplanforms,
butvaryingamountsof trailing-edgethichess;t = O, 0.5,and1.0,
respectively.Thehinge-linegapwasmaintainedat 0.01inch(0.08per-
cent 6)forallconfigurationsexceptforoneseriesoftestswithcon-
figuration4 inwhichthegapwasincreasedto 0.20inch(1.71percentC)
bymovingthecontrolandhingelinerearward.

Themodelwasconstructedof steel,tiththepressure-tubeinstalJ_a-
tionsmadeingroovesinthesurfacewhichwerefairedoverwitha trans-
parentplasticmaterial.TIE144to 169pressureorificeswerelocated
atfivespanwisestationsonthemainwingaheadofthecontrolhinge
lineandat fiveto eightspanwisestationsbehindthehingeline,
dependingontheconfigurationbeingtested.Thechordwiselocationsof
thepressureorificesarelistedintableI andthespanwiselocations
oftheorificestationsareshowninfigure2. Allscrewholes,pits,
andwting lineswerefilledwithdentalplasterandfairedsmooth.

Thesemispanwingwasmountedhorizontallyinthetunnelfroma
turntableina steelboundary-layerbypassplatewhichwaslocated-ver-
ticallyinthetestsectionabout10 inchesfromthesidewall.as shown
infigure3. A photographofmodelconfiguration2 mountedfortesting
is showninfigure4. Althoughtheclearnessoftheplasticnaterial
overthetubinginstallationsmakesitappearthatthewingsurfaceis
rough,actuallythefinishwasverysmooth.

TESTS

Techniques

The’modelangleofattackwaschangedby rotatingthe
thebypassplateonwhichthewingwasmounted.(Seefig.

turntablein
3.) Theangle

———.. ..—. —.—z. — —.. ....—. ..-___ .... __ _



6 NACARM L55J03

ofattackwasmeasuredbya vernieron theoutsideofthetunnel,inas-
muchastheangulardeflectionofthewingunderloadwasnegligible.
Controldeflectionwaschangedby a gearmechanismmountedonthepres-
sureboxwhichrotatedthestrain-gagebalance,thetorquetube,andthe
controlasa unit. Thecontrolanglesweresetwiththeaidofan elec-
tricalcontrol-positionindicatormountedinsidethewingatthehinge
lineandwerecheckedwitha cathetometermountedoutsidethetunnel.
Thepressuredistributionsweredeterminedfromphotographsofthe
multiple-tubemanometerboards.towhichthepressureleadsfromthemodel
orificeswereconnected.

Mostof.thecontrolswezeequippedwithorificesononesurface
only,becausestructurallimitationsmadeitimpossibleto gettheneces-
sarypressuretubesthroughthetorquetubeto instrumentbothsurfaces.
Forthesemmlels,thetestswererunatpositiveandnegativeanglesof
attackoverthecontrol-deflectionrangeandthenecessarysummationsof
thepressuresontheindividualsurfacesfordeterminingtheloadings
weremadeatreversedangularconditions.

Rangeof Conditions

Themjori~ ofthetestconfigurationshada controldeflection
rangefrom-30°to 300.foranglesofattackof”OO,+6°,and*12°andan
angle-of-attackrangefrom0°to*15°for0° controldeflection.Mostof
thetestsweremadeat tunnelstagnationpressuresof13.0and15.1pounds
persquareinchat Machnumbersof1.61and2.01,respectively,corre-
spondingtoa Reynoldsnumberof 3.6x 106basedonthewingmeanaero-
dynamicchord.Additionaltestsweremadewithconfiguration4 inwhich
thetunnelstagnationpressurewasvariedto giveReynoldsnumbersof
1.7x 106and5.6x 106at M= 1.61 andReynoldsnumbersof 1.7x 106
and4.5x ld at M= 2.01. Inorderto insurea turbulentboundary
layeroverthemodelduringthetests,3/16-inch-widestripsofno.60
Carborundumwereattachedtothewingupperandlowersurfacesat a dis-
tanceof1/4inchfromtheleadingedge. Thesestripscompletelyspanned
themodelexceptwithin1/4inchoftheorificestations.

ThemeanMachqumbers
matedfromcalibrationsto
smallerthan*0002.There

PRECISIONOFDATA

intheregionoccupiedby themodelareesti-
be1.61and2.01withlocalvariationsbeing
isno evidenceofanysignificantflowangu-

larities.Theesthatedaccuraciesin settingthefig angleofat~ck
andcontroldeflectionare*0.05°andtO.lO,respectively.Thebasic
measuredquantityP isbelievedaccurateto*0.01.

●

✎ ✎

.
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RESULTS

,‘-,
Theresultsofthisinvestigationarepresentedinfoursections.

Inthefirstsectionentitled“PressureDistributions,”coveringfig-
ures5 through28, arepreseritedsometypicalpressure-distribution
results.Whiletheplotspresentedinthissectionrepresentonlya
smallfractionoftheavailabledata,anattempthasbeenmadeto indicate
in sufficientdetailthegeneralfeaturesoftheflowandtheeffectsof
themanyvariablesstudiedinthisinvestigationonthisflow. b the
secondsectionentitled“ChordwiseLoadings,”correspondingtofigures29
through38,a studyismde ofthechordwiseloadings.Sincetheessen-
tialfeaturesoftheflowgeneratingtheseloadingswerediscussedinthe
firstsection,thediscussioninthissectionisgenerallylimitedto that
neededtoorientthefigures.Thespsmwisenormal-force-andpitching-
moment-loadingdistributionsarecoveredinthethirdsectionentitled
“SpanwiseLoadings”andfigures39through58. ,E!ecauseofthecondensed
formofthedataandthegeneralinterestinthistypeofloading,the
dataforallsixconfigurationshavebeenpresentedinentirety.The
chordwiseandspanwisecenter-of-pressureresultsarepresentedin
entire~inthefourthsectionentitled“CentersofPressure”and
figure59.

DISCUSSION

Inconsideringtheresultsofthisinvestigation,it shouldbe remem-
beredthattheintegratedforceandmomentckacteristicshavealready
beenpresentedinreference1. Thevariationsshownherein,whetherof
pressuresorof loadings,illustratein”detiilthereasonsforthevaria-
tionsinforcesandmomentsdiscussedinreference1. Whereverpossible,
thesepointswillbe emphasized.

PressureDistributions

Effectsofthicknessdistribution.-SonEtypicalchordwisepressure
distributionsobtainedacrossthespanof themodelat a and b = 0°
arepresentedinfigure5 forthetwotestMachnumbersof 1.61and2.01.
ThesymbolP istheusualpressurecoefficientand x/cR thechordwise
stationintermsoftherootchord.Dataare shownfortwoconfigura-
tions,2 and4,to illustratethegoodagreementobtainedbetweennmdels.
Theexperimentalresultsarecomparedwiththesectionthicknesspressures
computedby
Jones(ref.
Inorderto
sectionsof

thesefi-infinitelinesourceandsinktechniquedevisedly
3)andillustratedinsomewhatnmredetailinreference4.
savesomecomputationaltime,itwasassumedthattheinter-
theflatsurfacesofthewingsectionweresharpinsteadof

- ——.... . — — . .—.———-—-— _ -- —.——— :-————— — . . ~ —.—-—..__— .



8 NACARM L55J03

roundedas theyredly are. Thecomparisonindicatesverygoodagreement
betweentheoryandexperimentexceptintheneighborhoodof theintersec-
tionsof theflatwingsectionsnearthewingtip. Thisdisagreement,of
course,isprimarilytheresultofthesimplificationinthetheoretical
calculations.A comparisonofthechordwisepressuredistributionsat
thevariousspanwisestationsalsoindicatesthat,despitethesweepback
andtaperofthiswing,thethiclmesseffectsareessentiallytwodimen-
sionalacrossthespan.As a resultofthistwodi.mensionality,it Is
possibletoestimatethethicknesseffectsby useoftheshock-expansion
technique.Thesecalculationsindicatethatthepressurecoefficients
onthefront,middle,andrearflatsofthewingsectionfor M= 1.61
sre0.130,-0.001,and-0.109,respectively.Thesevaluesareingood
agreementwithexperiment.

Effectsof S.-Sometypicaleffects”of controldeflectionon the
chordwisepressuredistributionsareshowninfigure6. Theseresults
wereobtainedat stations3 and7 on configuration4 at M = 1.61 and
R= 3.6x 106. Thesimilarityoftheresultsforthetwospanwisesta-
tionsshowsthatevenat combinedangleofattackandcontroldeflection
theflowisessentiallytwodimensionalacrossthespan.At lowvalues
of b (10°orlessfortheseplots),thechordwisepressuredistribu-
tionsareuniformonbothsidesofthecontrolandthereisno effect
of 5 onthepressuresonthemainwingaheadofthehingeline.At
highervaluesof b thepressureriseat thecontrolhingelineis suf-
ficientlyhighto separatetheboundarylayersomedistanceaheadof the
controlsurfaceor tocausedetachmentof thehinge-lineshock,andthere
isa resultantcarryoverofthecontrolpressurestothemainwing.

Ontheyppersurfaceatpositivecontroldeflectionsandonthe
lowersurfaceat largenegativeb’s,thepressuresonthecontrolsur-
faceshowrelativelylittlechangewithcontroldeflection.Thereare
tworeasonsforthissmallchange:First,thepressuresareasymptot-
icallyapproachinga vacuum(P= -0.55at M= 1.61),sothata large
expansionoftheflowresultsinonlya smallchangeinpressure.Second,
boundary-layerseparationoccursatthehigherb’sduetothestrong
trailing-edgeshock,thuslimitingtheamountof flowexpansionthatcan
be attained.

Anotherinterestingobservationmadefromtheresultsoffigure6
andtheotheravailabledataisthatat sufficientlyhighanglesof
attackandcontroldeflectiontheflowoverthecontrolonthecontrol
high-pressuresurfacebecomessubsonic(P>o.64). Anyfurtherincrease
in b causesthepressuresoverthemiddleofthecontrolsurfaceto
becomenmrepositiveornmresubsonicbutthepressureatthetrailing
edgeremainssonic.‘l?hislatterfactis illustratedinfigure6 by the
tendencyofthepressureat highpositivea’s,plus5’stoapproachthe
sonicpressurepointindicatedat P = 0.64.Thisresultistobe
expectedsincetheflowcanexpandto supersonicvelocityagainonly

\ J

.

.
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arounda cornerwhich‘inthiscaseisthetrailingedge.Forthestipu-
latedconditions,a tendencyalsowasfoundforthepeakpositivepres-
suretoreacha ~imum valuewhichcouldnotbe exceededby anyfurther
controldeflection.(See,e.g.,lowersurface:CL=60;b=20°and 250.)
Thismaximumwasa @nctionoftheangleofattackofthewing.

Theresultspresentedinfigure6 contain,of course,thecombined
effectsofthickness,angleof attack,andcontroldeflection.Inorder
to isolatetheeffectsdueto b,thedatahavebeenreplottedinfig-
ure7 as &/b, theaverageincrementinpressurecoefficientduetounit
controldeflection.Theexperimentalresultsalsoarecomparedwiththree-
dimensionallineartheory(e.g.,ref.5)andwithsomecalculationsin
whichthree-dimensionallineartheorywasusedto deter&netheconditions
atthecontrolhingelineandtwo-dimensionalshock-expansiontheorywas
usedto computethepressuresoverthecontrolfromthesevalues.Linear
theorywasusedinsteadof shockexpansiontodetermineconditionsonthe
wingjustaheadofthehingelinebecausethepressuxecalculationscould
be carriedto singlesofattackbeyondthepointwherethebowwavedetaches
andspanwisevariationsinflowcouldbe included.Forverylargeb’s,the
combinationlinear-shock-expansiontheoryindicatedshockdetac~nt ahead
ofthecontrolandhencenopressurescouldbe determinedoverthecontrol
high-pressuresurface.

Inadditionto thetrendsdiscussedinthepreviousfigure,theplots
infigure7 indicatethattheexperimentalresultsgenerallyarenotin
goodagreementwithlineartheory.Thecompositetheory,however,provides
a goodapproximationoftheexperimentaldataexceptfortheconditions
whenthelocalsupersonicMachnuniberat thehingelinebecomessmall.
Thistrendbecomesnoticeableon thecontrollowersurfacea+ u= 6° and

10° (fig.7(b))andbecomesquiteobviousat a = 12° and b = 10°
~h;reshockdetachmenthasoccurredor is iminent(fig.7(c)).Insome
casestheexperimentalresultstendto divergefromthecompositetheory
calculationsontheuppercontrolsurfaceatpositiveb’s(e.g.,fig.7(a))
becauseof flowseparationat thetrailingedgewhichisnotaccountedfor
inthetheory.

Effectsof a.-Theeffectsof a ,ontig andcontrolchordwise
pressuredistributionsareillustratedinfigure8. Theseresultswere
obtainedonthefull-spancontrol,configuration4. Ingeneral,the
changesinpressuredistributionswith a werequiteregular.As a
wasincreasedthepressuresonthelowerwingsurfaceneartheleading
edgelosttheirrectangularshapeandincreasedrapidly.Ontheupper
surfacethepressuresindicatelocalizedflowseparationatthewing
leadingedge. E!otheffectsaresomewhatmorepronouncedattheoutboard
station.-Theseeffectsareduetobow-wavedetachmentwithincreasing
angleofattack.Thepressureson thecontrolandjustaheadof itvary
uniformlywith a when 8 = 0°or -20°.When b = 20°,thepressures
onthecontroluppersurfacevaryonlyslightlywith a,primarilybecause

. .- ——... - - ——.— . ___ - . . . . _..—— ____ —— ———— ..– —..— ._——-
f
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thepressuresarealreadyclosetoa vacuumandpartly”becauseflowsep-
arationhasaccurred.Onthelowercontrolsurfacethepressuredistri-
butionsindicateflowseparationand/orshockdetachmentaheadof the
hingelinewhichincreasesinseveritywith a. Forconditionswhere
theflowoverthecontrolissubsonic,theresultsagainindicatea tend-
encyforthepressuresatthecontroltrailingedgeto remainfixedat
thesonicvalueregardlessof changein a.

In figure9 theeffectsotangleofattackhavebeenisolatedby
subtractingthepressuresat a = 0° fromthoseat u = 6°and12° and
dividingby thecorrespondingsingleofattack.The.experimentalresults
arealsocomparedwithlineamtheory(e.g.,refs.6 and7). Thecompari-
sonshowsthatlargedisagreementsexistbetieentheoryandexperiment.
Onthewinglowersurfaceneartheleadingedge,thedisagreementisdue
tobow-wavedetachment.Onthecontroluppersurfacetheexperimental
incrementalpressuresfallbelowthetheoreticalvaluesat 5 = 0°,indi-
catingthattheflowhasseparatedas a resultoftheexcessivepressure
riseatthetrailing-edgeshock.

When 8 = 200,thepressureson thecontroluppersurfacealready
areclosetovacuumat a = 0° (seefig.8)andanyfurtherincreasein
a causesonlya verysmallfurtherincreaseinnegativepressure.On
thelowersurfacethereisonlya smallamountof flowseparationahead
ofthehingelineat a = OO. Hence,an increaseinangleofattack
resultsina largeincreaseinpressureincrementbothonthecontrol
andonthewingaheadofthehingelineasthemagnitudeofthesepara-
tioneffectincreaseswith CL Thesedifferencesbetweentheoryand
experimentmayactuallybeascribedtomutualinteractionbetyeenthe
angle-of-attackandcontrol-deflectioneffects.

When b = -20°,theeffectsof a and 5 oppose.oneanother.As
theangleofattackisincreased,thepressuresonthecontroluppersur-
faceproducea largerincrementin AP/a thanoccursaheadofthecon-
trolorthanispredictedby lineartheory.Thisresultisa consequence
ofthenonlinearchangesinpressureacrossthehinge-lineshock.Onthe
controllowersurfacetheexperimentalpressuresregisterconsiderably
lessgainthantheoryforthesamereasonas thelossineffectiveness
ofthecontroluppersurfaceatpositive5’s.

Eimndary-layerseparation.-Inthediscussionoftheresultspre-
sentedinfigures6 through9,itwaspointedoutthatifthepressure
riseatthetrailing-edgeorhinge-lineshockswasverylarge,boundary-
layerseparationoccurredandthepressuredistributionsoverthesepa- .
ratedregionswerealtered.IfthelocalsupersonicMachnumberwaslow
(asatthehingelineathigha‘s),shockdetachmentcouldoccurbefore
a pressurerisesufficiently”highforseparationwasencountered.The
angularconditionsatwhichtheseeffectswillfirstappearcanbe deter-
minedapproximatelyfromtheresultspresentedinfigure10. Theratio

—.— . -.
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(P2Pl)cr isdefinedasthepressure-riseratioacrossthetrailing-edge

or hinge-lineshock(seesketchinupperpartof figure)forwhichthe
orificenearestthetrailingedgeorhingelinefirstshowsevidenceof
thepressureriseassociatedwithseparationor shockdetachment.The

()P2 - PIcoefficient wasestablishedsimilarly.
ql Cr

ThelocalMachnum-

berimmediatelyinfrontoftheshockisdefinedas Ml. I?othcriterions
forestablishingthecriticalpressureareillustratedbecauseitisnot
knownatpresentwhichonemayeventuallyprovemoreuseful.Theexperi-
mentaldata,indicatedby the,symbols,wereobtainedat thehingelineat
severalinboardpressurestationson configurations4, 5,and6 atboth
testMachnumbers.Similardataat%he controltrailingedgecouldnot
be obtainedinasmuchas thepressuresaftofthetrailing-edgeshockare
unknownandseparationusuallyextendedto thecontrolhingelinewhere
therewastoolargea changein Ml tobe determinedby theavailable
orifices.It isExpectedthattheresultsobtiinedatthehingeline
shouldapplytoflowatthecontroltrailingedge.

Theexperimentalresultsindicatethatas thelocalMachnumberMl
increases,thepressureratio (P21P1)Cr increases.andthepressure-rise

()P2 - PIcoefficient decreases.
ql Cr

At Q = 1.4 or less,thepressure

increasesaheadofthehingelineortrailingedgeareapparentlythe
resultof shockdetachment.l!mndary-layerseparationmayormaynotbe
presentwithinthisrange.A comparisonof thepresentresultswiththe
calculationsmadeby Mager(ref.8)andthedatacompiledby I!ogdonoff
(ref.9)andHolder,.Pearcey,andGadd(ref.10)indicatesthatthe “
presentdataareonlyinapproximateagreementwithanyoneofthepre-
dictions.An analysisofotheravailabledataathigherlocallkchnum-
berswithturbulentboundarylayer(e.g.,refs.11and12)showsa tend-
encyforthetrendto followthatindicatedby reference10.

If b is increasedbeyondthepointreqpiredto separatethebound-
aryhyer or causeshockdetachment,or if Ml isfurtherdecreasedafter
shockdetachmenthasoccurred,thentheseparationor shock-detachment
pointmovesforward.Onthecontrollow-pressuresurface,theseparation
pointmovesrapidlytothehingelinewhereitthenremainsrelatively

o stationaryandhenceposesnoproblemas themovementcanbe assumedto
be instantaneousforallpracticalpurposes.Onthehigh-pressureside,
however,itisoftendesirableto estimatetheapproximatelocationof
theseparationor shock-detachmentpoint.i%figure11,a studyhasbeen
madetodeterminewhetherthisisfeasible.Forthesameconfigurations
analysedinfigure10,aneffectiveseparationangle 15shasbeencom-
putedwhichisdefinedas theanglebetweenthesurfacefromwhichthe
flowisassumedto separateanda straightlinedrawnfromtheseparation

xdT&j-
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pointtothecontroltrailingedge.Theexperimentalanglesthusdeter-
minedareplottedas a functionofthetheoreticallocalMachnumber.
Theoreticalvaluesof ~ areusedto simplifytheestimationprocedure
astheactual.valuessometimesmaynotbe lmown.

Theresultsindicatethatatlowvaluesof Ml (1.5orless),the
effectiveseparationangleisaboutequs.1tothetheoreticalmaximum
turninganglededucedfromshock-expansiontheory.At highervalues
of Ml,theeffectiveseparationangletendsto increaseandthensteady
out. Theanglescomputed&om theMach2.01testdataappeartobe some-
whathigherthanthosedeterminedforthe M = 1.61 testsforreasons
whicharenotlmown.Therebul.tsalsoarecomparedwiththeanglescom-
putedfromtheseparationcriterionspresentedinreferences8,9,and10.
Thepresentibtaareunderestimatedby thepredictionsofreferences8
and10butappeartofollowthesametrends.

Variationsacrossthewingspan.-Inthepreviousdiscussionsofthe
effectsof controldeflectionandangleofattack,onlystations3 and7
onthefull-spancontrolswereused. b figure12thepressuredistribu-
tionsareshownforallfivestationsonthefull-spancontrol(configu-
ration4)at severalcombinationsof controldeflectionandangleof
attack.It isobviousfromthisfigurethattheloadingsat thefirst
four-stationsarealmostidentical,regardlessoftheanglesettings.
Thestationnearthetip,however(station8),showsconsiderableend
effect,particularlyonthecontrolwhenthecontroldeflectionandangle
ofattackareinopposition(e.g.,fig.I-2(b)).Thiseffectwillbe dis-
cussedinmoredetaillater.

A mre graphicpictureofthepressuredistributionsacrossthespan
ofthiscontrolispresentedinfigure13 foranextremecontroldeflec-
tionat a = 6°. Herethesimilaritiesinthepressuresmeasuredacross
thespanarereadilyapparent.Themostobvioustipeffectthatcan-be
notedfortheconditionshownisonthewingaheadofthehingeline.

Effectsofpartinglines.-Sincethecontrolconfigurationsinves-
tigatedwerealltrailing-edgeflap@pe of constantpercentchord,the
=jor changeinconfigurationplanformorlocationinvolveda nmvement
ofthewing-controlpartingline. Itwillbe significutthen,to exam-
inethepressuredistributionsintheneighborhoodsof thevariousparting.
lines.Figures14,15,and16 showthepressuredistributionsonthewing
andon thecontrolnearthepartinglinesofthethreepartial-spancon-
trolconfigurationstested.

Theeffectof controldeflectionon thepressuresmeasuredoverthe
wingat
tion4;
becomes

stationssomedistancefromthepartingline(e.g.,fig.14,sta-
fig.16,station1)doesnotappearuntilthecontroldeflection
quitelarge.Thiseffectappearsas an increasingpressurenear

.

.
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thewingtrailingedgeandtheregionaffectedbecomeslargeras thecon- ‘
troldeflectionorangleofattackisincreased.Thisloadingcarryover
ismuchmorepronouncedonthesideofthewingtowardwhichthecontrol
isdeflected.

At thewingstationshmediatelyadjacenttothepartingline,the
effectsof controldeflectionbecomeapparentas soonasthecontrolis
deflected.Thechangesobservedareassociatedwiththeunportingof
thecontrolas itisdeflected,causingthelowersurfaceof thecontrol
tobe abovetheuppersurfaceoftheadjacentwingatnegativedeflections
andtheuppersurfaceofthecontroltobe belowthelowersurfaceofthe
adjacentwingatpositivedef~ections.Forthepositivecontroldeflec-
tionsthelowersurfaceofthewingisprimarilyaffectedwithan increased
pressureinthevicinityof thehingelinefollowedby a sharpreduction
toa decreaseinpressurenearthetrailingedge. This”iscausedfirstby
thehighpressurefromthecontrollowersurfacefeedingoverontothe
adjacentwingsurfaceandsecondby thehighpressurefromthewinglower
surfacenearthetrailingedgefeedingoverontotheadjacentcontrol
uppersurfacewhichisexperiencinga lowpressure.Whenthecontrolis
deflectednegatively,atanglesofattack,bothsurfacesofthewingare
affected.Inthiscasetheuppersurfaceofthewinghasa pressurevari-“
ationsimilartothatpreviouslydescribedforthelowersurfaceat the
positivedeflections,withthechordwisevariationsbeingmodifiedsome-
whatbecausethecontrolisnowoperatingadjacentto thewinglow-pressure
flowfield.Thepressureonthewinglowersurfacetendstodecreaseas
thecontrolisdeflectednegativelybecauseoftherelievtigtipeffect
possibleatthewingpartinglineas thecontrolunports.

Thepressuredistributionsonthecontrolaresimilariqnatureto
thosepreviouslyshownonthefull-spancontrol;however,therelieving
effectofthepartinglinecausessomelossinloadingwhichisapparent
inthedecreasedpressuresonthelowersurfaceat station6 as compared
to station7 on configuration1 (fig.14)orat station3 as comparedto
station4 on configuration3 (fig.16). Notethatthepressuredistribu-
tionsat stations3 and5 on configuration2 (fig.15),bothofwhichare
adjacenttopartinglines,areverymuchalikedespitethedifferencein
spsmiselocationandorientationofthestationwithrespecttothe
partingline.

Inviewofthesimilaritiesshownfortheeffectsofthevarious
partinglines,letus nowconsiderhowwellthepsrting-lineeffectsfor
a t~icalcasearepredictedby ltieartheory.Infigure17a comparison
of theexperimentalandtheoreticalincrementalpressuredistributions
dividedby thecontroldeflectionisshownforthewingandc@Xol sta-
tionsadjacentto theoutboardpartinglineof configuration2. b gen-
eral,theiineutheoryfailstopredicteitherthemagnitudeorthevar-
iationalongthechordofthepressuresat thestationsshown.Sinceit .
wasprevio~lyshownthat

%4.
‘flh;m\.. ,ar-theorypredictionoftheeffectof
L .R=.

TN$;.b&~
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.
controldeflectionwasverypoorinthetwo-dimensionalregion,itwould
havebeenexpectedthatthemagnitudesofthetheoreticalpressureswould
be inerrorfortheparting-linestationsalso. Thefactthattheexper-
@ntal variationinpressurealongthechorddoesnotagreewiththe
theoretic-predictionindicatesthatthelinear-theoryassumptionsdo
notproperlyaccountfortheflowconditionsatthepartinglines.The
unportingofthecontrolto allowviolentcrossflowsandinteraction
betweenupperandlowersurfacesisindirectcontrasttotheassump-
tionsoflineartheorywhichrequirenounportingandsmll perturbations.
Theexperimentaldatado showa consistenttrendwithincreasingcontrol
deflection,althoughthescatterindicatesthedegreeofnonlinearity
existing.

-Inorderto compare,qualitatively,thesp&ise variationofthe
pressuredistributionsforthepartial-spaaconfigurationswiththat
previouslyshown(fig.13)forthefull-spanconfiguration,schematic
pressuredistributionsareshowninfigure18 forthethreepartial-span
controlconfigurationsat a = 6°, b = 300. As a furthermeansof demon- “
stratingtheextentof influenceofa partial-spancontroldueto control
deflection,contourplotssho~ linesof constantressurecoefficient

.
8areshowninfigure19 forconfiguration2 at a = 6 as thecontrol

deflectionisincreasedfrom0°to30°. Thechangeinspanwiseandchord-
wiseinfluenceof thecontrolwithincreaseofthecontroldeflectionis

-

readilyapparentfromthistypeofplot.

Effectsof thewingtip.-Duringthediscussionoffigures12and13,
thechangesinpressuredistributionduetowing-tipeffectswerebriefly
mentioned.Inorderto discusstheseeffectsinmoredetail,thepressure
distributionsforthetwostationsclosesttothewingtiparecomparedin
figure20for u = 0°and6°. Configuration4 hasbeenused;howe~er,it
maybe consideredtypicalofthecontrolswhichextendtothewingtip.
On station8 at u = 0°,theeffectof controldeflectionaloneshowsan
increaseinpressureonthelowersurfacenearthehingelinefollowedby
anexpansionduetotherelievingeffectof thewingtip. Ontheupper
surface,thereverseeffectispresent,firsttheexpansionatthehinge
lineandthena sharpcompression;however,onthissurfaceanunexpected
effectappearsintheensuingexpansionaheadofthetrailingedge. These
variationsinpressm distributionsdueto b at station8 arecotiid-
erablydifferentfromthoseattheessentiallytwo-dimensionalstation7,
whichwerediscussedindetailpreviously(figs.6 and7). Itisbelieved
thatthesevariationsarecausedby a vortexformtiopaboutthetipof
thecontrolwhichtendstowind~ intheneighborhoodof theuppersur-
face.At anangleofattackof 6 , anadditionalvortexpatternisprob-
ablyformed.aboutthewingtipaheadofthecontrolsothatwhenthecon-
trolisdeflecteda verycomplicatedflowfieldwouldresult,inparticular
forthenegativedeflections.Thepressure
tendtoverifythisconclusion.

distributionsshownfor a = 6° w
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Thequestionarisesthenas towhetheritispossibletopredict
thesechangesinpressurenearthetip. TheWear-theorypredictions
oftheincrementalpressuredistributionscorrespondingto theconditions
showninfigure20arepresentedinfigure21as comparedto theexperi-
mentalvalues.Thelineartheory
effectoftheseparationor shock
doesa fairjobinpredictingthe
caseswherethevortexflowseems
thelowersurfaceat a = 0° and
deflectednegativelyat a = 6°.

is,of course,unabletopredictthe
detachmentaheadoftheWge line,and
pressuresoverthecontrolinthetwo
tohavetheleasteffect,thatis,on
onthelowersurfaceforthecontrol
Fortheremainingcases,thereislittle

agreementbetweenlineartheorya@ experiment.

A furtherrefinementtothetheoreticaltechniqueof eslxhnatimgthe
loadingsinthetipregionofa simplifiedwinghasbeenpresentedin
reference13. Theincreaseinliftingpressuresas a resultofthefor-
mationofa tipvortexisin qualitativeagreementwiththeresultsshown
herein.

Nowletus considertheeffectof@e ofattackonthepressure
distributionsnesrthewingtip. Infigure22arepresentedthepressure
distributionsforstations7 and8 at 8 = 20°,0°,-20° as configura-
tion4 isvariedinangleofattackfrom0°to12°. At b = @, as the
angleofattackisincreased,thepressuredistributionsonthelower
surfaceofthetipstitionovertherear50percentof thechordshow
littlechange.Thisagaindemonstratestherelievingeffectofthetip
whichpotentialtheorytellsus toanticipate.Ontheuppersurface,
however,insteadofthelittlechangetobe expected,thepressuresshow
largerchangesdueto a thanat station7. T’@ indicatesthatour
previousassumptionofa tipvortexdecreasingthepressureontheupper
surfaceina smallregionnearthetipisapparentlysound.At b = t20°,
theinteractionoftheangleofattackandcontroldeflectioneffects
@es it@possibletotie anyfurtherdeductionsfromthepressure
distributions.

Inm attempttopredicttheangle-of-attackeffectsinthevicinity
ofthetip,thelinear-theoryval.ues.ofincremenlxdpressurecoefficient
dueto a havebeencomputedforstation8 andarecomparedinfigure23
withtheexperimentalvaluesobtainedfromfigure22. Fortheunreflected
control,thetrendofthevariationinpressurealongthechordonthe
lowersurfaceis infairagreementwiththelinear-theorypredictions.
Ontheuppersurface,however,thepredictedincreaseinpressurealong
thechorddoesnotmaterializebecauseoftheformationofthevortex
previouslydiscussed.Forthecontrol-deflectedcases,thescatterin
theexpertintalvaluesforthetwoanglesofattackis increasedand
thevariationsalongthechordshowincreasingdissimilaritieswiththeory.

Effectsoftrailing-edgethickness.-Infigure24,a fewtypical
pressuredistributionsarepresentedto showtheeffectof increasing

~:t~
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thetrai~ng-edgethicknessratio t fromO to1.0. Ingeneral,
increasingthetrailing-edgethiclmessincreasesthepressuresoverboth
surfacesofthecontrol.Thechangeinpressurecoefficientdueto
increasingthetrailing-edgethicknessisgeneraldygreateronthecom-
pressionsideofthecontrolthanontheex@ansionsideaswouldbe
expectedfromthenonlinearvariationofpressurecoefficientwithflow
deflectionpredictedby shock-expansiontheory.Itappearsformanyof
thecasesinfigure24thatincreasingthethiclmessfrcm t = O to
t = 0.5 causesa considerable‘pressureincrease,butfurtherincreasing
thetrai~ng-edgethichesscauseslittlechange.Analysisofallthe
resultsavailable,includingsomeatnegativeanglesofattack,indicates
thatthislackofa regularckge inpressurewithincreasingthickness
wasduetoa basicerrorin settingthecontrol-deflectionanglesfor
configuration5,forwhich t = 0.5. Sinceitisnotpossibletoapply
anaccuratecorrectiontothedataforthismodel,thedataarepresented
uncorrected;however,it isbelievedthatwerethedatacorrected,the
changesinpressure(fig.24)andintegratedcharacteristics(seeref.1)
withincreasingtiai~g-edgethicknesswouldbe regular.

Theeffectsoftrailing-edgethickaessonthehinge-llneandtrailing-
.

edgeseparationphenmenaarereadilyapparentfromthepressure-
distributioncomparisonat CL= 60, b = 20°. As thetrailhg-edge .
thiclmessincreases,theflowseparationaheadofthehingelineonthe
lowersurfaceincreasesandtheflowseparationontheuppersurface
nearthetrailingedgedecreases.Thesechangestiea directresultof
thechangesinanglethroughwhichtheflowmustturnat thehingeline
andat thetrailingedge.

A correlationoftheaveragefinalpressurecoefficientsattained
onthesurfacesofthecontrolson configurations4, 5,and6 withthe
valuescomputedby themethodof shock-expansiontheoryisshownin
figure25. Forthepurposesofthiscorrection,itwasfoundthata
parameterwhichprovidedgoodagreementwastheanglebetweenthecontrol
surfaceandthefreestream.Thus,nomatterhowtheflownegotiatedthe
wingandcontrolsurfaces,fromthevalueofthis.@gle,shock-expansion
theorywasabletoaccuratelypredicttheaveragepressurecoefficient,
exceptforconditionsinwhichshockdetachmentorseparationoccurred
aheadofthehingeline.Aswasshownpreviously,forangularconditions
belowwhichseparationor shockdetachmentoccurredaheadofthehinge
line,thepressuredistributionsoverthecontrolwereessentiallyflat;
therefore,thismethodcanbe usedtoestimatethetwo-dimensionalcon-
trolloadingwithconsiderableaccuracy.

Effectsofhinge-line9P .-Theeffectsonthepressuredistributions
of increasingthehinge-linegapfrom0.01to 0.20inchareshownin
figure26. Althoughthechangeingapisa relativelysmalloneand
thereforetheresultingpressurechanges.~ealsosmallandsituated
aJmostentirelyonthecontrolitself,somesystematicvariationsare

—— .— ——. ——— -——-—.
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evident.h almosteveryinstance,thelargegapconfigurationhasa
higherpressurethandoesthesmallgapconfigurationonthecontrol
high-pressuresurfaceanda smallerpressureonthecontrollow-pressure
surface.Thisindicatesthatregardlessofthewingangleofattack,the
airflowthroughthegapisa@ays fromtheflaphigh-presstiesideto
thelow-pressureside,thusincreasingtheanglethroughwhichtheflow
mustbe cmpressedby theflaponthehigh-pressureside,and”further
acceleratingtheairovertheflaplow-pressuresurface.Thefinal
resultofthesepressurechangesappearsas an increasedeffectiveness
andhingemomentdueto increasingthegap(seeref.1).

EEi?fectsofReynoldsnumb6r.-Thechangesinsometypicalpressure
distribuionsdueto ncreasimgtheReynoldsnumberfrom1.7x ld to
3.6x IJ or5.6x IJ aredemonstratedinfigure27. Ingeneral,the
changesaresmallandinconsistentwithchangesinReynoldsnumberand
indicatethatthelackofReynoldsnumbereffectonthe integrated
coefficientsshowninreference1 isduetoa lackofReynoldsnumber
effectonthepressures,andisnotdueto compensatingchangesinthe
pressures.

EffectsofMachnumber.-AlthoughtheMachnuniberrangeofthese
testswasratherlimited,itisof interestto seehowclosetheMach
numbereffectscanbe esthted. @ general,itis anticipatedfrom
theorythatthepressure-distributionchangewithMachnumberwillbe in
theratioofthecorrespondingi3values.Thenorma13.zedpressure
distributions’fora fewangleconditionsarecompredinfigure28for
thetwoMachnumbers.The ~ relationshiptendsto givea fairlygood
correlationexceptinins_@nceswherelargeviscousseparationeffects
appesr.Itwaspointedoutinreference1 thatthistypeofagreement
maybe possibleat considerablyhigherMachnumbers.Comparisonofthe
pressuredistributionsatbothMachnumbersforthestationsnearthe
wingtipandnearthewing-controlpartinglinesindicatesthatthe
effectspreviouslydescribedat M= 1.61 arerepeatedat M= 2.01
withonlyminorvariationsinmagnitudeandextent
areinagreementwiththepredictedeffectofMach
accordwiththqpredictedeffectofMachnumberon
ficientsshowninreference.

ChordwiseIoadings

ofdisturbanceswhich
number.Thisisin
theintegratedcoef-

Totheaerodynamicist,thepreviousdiscussiononthepressure
distributionsisofbasicandthereforeparamountinterestinthepresent
investigation.Fromtheloadsstandpoint,however,it isof interestto
discusstheeffectoftheprimaryvariablesonthedistributionofloading
alongthechord.Figures29through38havebeenprepared,therefore,to
showsometypicaleffectsofcontroldeflection,angleofattack,and
stationlocationonthechordwiseloadingdistributionsat selected
spsmwisestations.

_ ._.. —.z ————. —. - — -—
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Effectsof b.-Thechordwiseloadingdistributionsalongthecontrol ‘
chordat threesp.nwisestationsonthefull-spancontrolconfigurationk .
atan angleofattackof60areshowninfigure29. Ontheleftofthe
figuretheresultantpressure-coefficientdistributionisshown,inthe
centertheincrementalresultantpressurecoefficientsdueto control
deflectionareplotted,andontherightofthefiguretheincremental
pressurecoefficientshavebeendividedby theappropriatecontrol
deflection.At stations1 and4,wheretheflowisessentiallytwo
dimensionalinnature,the AP~5 pointsobtainedhavelittlescatter
withinthecontrol-deflectionrangeshown,indicatinga linearvariation
ofloadingwithcontroldeflection,andtheloadingisrectangularin
nature.Comparisonoftheexperimentalvalueswiththosecomputedby
lineartheoryforthesestationsshowsthattheexperimentalloadings
areapproximately70percentofthetheoreticalvalues.At station8,
nearthetipofthewingandcontrol,a sharpreductioninloadingoccurs
overthelast80percentoftheconlrolchordat thenegat}vecontrol
deflectionsas a resultofthe-complicatedvortex-flowpatterninthis
regionwhichwasdiscussedpreviously.As thenegativecontroldeflection
isincreased,thelossinloadingat thisstationdecreases.At b = -10°, -
wherethereislittletendencyforvortexformationat thecontroltip,
theloadingvariationalongthechordissimilartobutappreciably
lowerthanthatpredictedby lineartheory.Departurefromthiscondition “
by increasingordecreasingthecontroldeflectioncausestheloadingto
approachtherectanx shape.

Effectsof m.-Sinceithasbeenpreviouslydemonstratedthatthe
effectsofangleofattackareconcentratedina regionnearthewingtip,
thechordwiseloadingsat twostationsnearthewingtipateshownin
figure30forcontroldeflectionsof 00andi20°.At station7,asthe
angleofattackisincreasedfromO0 to 12°or1P, thechangeinloading
fora givencontroldeflectionisgenerallya changeinmagnitude,as the
shapesofthedistributionsr-in essentiallysimilar.Thisconclusion
ismodifiedto someextentat 8 = 200 whentheseparationaheadofthe
hingeliriecausesincreasedloadingsinthisregion.At thetip(sta-
tion8),inadditiontothechangesinloadingaheadofthehingeline,
theshapesofthecontrolloadingsfor 6. ?200 changeinanerratic
manneras theangleofattackis increased.

Thesevariationsareemphasizedwhentheincrementalloadingsdueto
angleofattackaredividedby theangleofattack,as showninfigure31.
~ additiontotheeffectspreviouslymentioned,itappearsfromthis
figurethattheloadingaheadofthehingelineat station8 ismuch
lessthanwouldbeexpectedat a = 3°, 5 = 0° inviewoftheloadings
obtainedat thehigheranglesofattack.Examinationofthediscussion
inreference13 concerningthenonlineareffectofthetipvortexsepara- .
tionon
hasnot
at this

theliftindicatesthat,forourcase,at a = 3° thetipvortex
builtup sufficientstrengthtoappreciablysd?fecttheloading
stationandtheexperimentalvariationthereforeagreesfairly “$
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wellwiththelinear
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theory.Itis interestingtonotethatwhenviscous
separationeffectsarenot-presentat station~ (andstationsfarther
inboard),theincrementalloadingduetoangleofattacktendstobe
triangularinnature.Overtherearportionofthechord,thevariation
inloadingconformstothattheoreticallypredicted,butwitha mawitude
ofapproximately70percentofthetheoretical.Ontheforwardportion
ofthewing,thebow-waveshockdetachmentpreviouslydescri%ed(see
fig.9) considerablyincreasestheloadingabovethelinear-theoryvalue.

Effectsofpartinglines.-Thechordwiseloadingsforseveralstations
inthetictnityofa typicalwing-controlpartinglineonconfiguration1
arepresentedinfigure32. Theloadingsareshmm overthecontrol-
deflectionrangeforeachofthreeanglesofattackat stations4 and5
onthewingandat stations6 and7 onthecontrol.At station4,there
isno carryoverofloadingfromthecontioldueto controldeflection‘
until 5 approaches20°. Thecarryoverappearsfirstatthetrailing
edgeandspreadsforwardasthecontroldeflectionisfurtherincreased.
Thecarryoverloadingat thisstationalwaysseemstobe ofthesamesign
as thecontroldeflection.At station5, immediatelyadjacenttothe
partingline,thecarryoverloadingbuildsuptoa peaksoonafterthe
hingelineandthendropsoffrapidlytoa smallorreversedloadingat
thetrailingedge.BY comparingtheloadingsonthecontrolat stations6
and7,it canbe seenthatthepartinglinecausesa moregeneraldecrease
inloadingacrossthecontrolchordat station6 ratherthanthelarge
decreasetowardthetrailingedgethatlineartheorywouldpredict.This
pointwasshowninmoredetailinthepressure-distributiondiscussion.

A comparisonoftheincrementalcarryoverloadingsadjacenttothe
fourwing-controlpartinglinesinvesti~tedispresentedinfigure33.
Itshouldbe mentionedthatforconfiguration1 thecontrol-deflection
settingsattheeven10°incrementswerenotavailableat a = 6°and12°
andthereforetheavailablecontroldeflectionsclosesttothedesired
angleswereusedinthesecases.Fromfigure33,it canbe seenthat
theloadingcarryoversareessentiallyidentical,despitethedifferent
parting-linelocationsinvesti~ted.By fairingcurvesthroughthe
averagesofthesesynibols,it ispossibleto illustratemoreckarly
theeffectofangleofattackandcontroldeflectionontheparting-
ldnecarryoversinfigure+. ItappearsfromfigureA thatfora given
controldeflection,thecarryoverchangesfroma rectangularloadingat
u . -120 to onehavinglargeloadingnearthehingelineanddropping
offtoa reversedloadingat thetrailingedgeas theangleofattack
isincreasedto12°.

Tnorderto seeiftheloadingcarryoverdueto controldeflection
isIlnear,theincrementalloadingsditidedby controldeflectionare
showninfigure35. Thespreadofthecurvesandthegradualdecrease
invalueof &R/b withincreasingb indicatesthattheloadingsdo
notincreaselinearly,probablyasa resultofthecrossflowsinthis “

--- — —--– –— ———— –.. — ——. . ——



...—

20 NACARM L55J03
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regiondueto theunportingofthecontrol.Comparisonoftheexperi- 4
mentalandlinear-theoryvaluesshowsthattheloadingcarryoversobtained
areconsiderablylessthenpredicted.Thelargestdifferencesareevident ‘:
nearthetrailingedgeatpositivecontroldeflectionsandarea result
of thecrossflowfromthewinghigh-press~esidetothecontrollow-
pressure’sidewhichprovidesthegreatestspanwisepressuredifferential
onadjacentsurfacesforanyoftheangularconditions.

Itisof interestto comparethelossinloadingdueto 5 onthe
controlnearthetipwiththelossnearthepartingline.~gure 36
presentstheincrementalloadingsforthethreespanwisestationsonthe
controlof configuration1. Zn eachplot,thecircularsymbolsdefining
thedistributionat station7 maybe consideredessentiallytwodimen-
sional,andthedifferencesbetweenthedistributionat station7 and
thoseattheothertwostationsshow-thelossesat thetipandat the
partingline.At positivecontroldeflections,thetipstationtenti
to exhibitsomewhatgreaterlossesnearthehingelineandsmaller
lossesnearthetrailingedgethandoestheparting-linestation;however,
theyareingeneralquitesinrL1.ar,consideringthelackofwingupwash
andthepresenceoftheextendedwingadjacenttotheparting-linestation.

.

At negativecontroldeflections,thelossesacrossthecontrolchordare
muchgreateratthetipstationthanat thestationadjacentto the .
partingline.

Whentheincrementalloadingsacrossthecontrolspanarenormalized
by divitingby 8,thevariationsinloadingwith 8 aremoreeasily
comparedas infigure37. Herethenorma~zedloadingsareshownforthe
threespanwisestationsonthecontrolatanglesofattackof0°,60,
and12°. Ingeneral,as thecontroldeflectionisincreased,either
positivelyornegatively,theloadingperdegreecontroldeflection
decreasesintheareanearthehingeMe, buttheretendstobe little
changefurtheraft. At stations6 and7,thenegativedeflectionsgive
largerloadingsthandothepositivedeflections;whereasat station8,
thetipeffectpreviouslydiscussedcausesthenegativedeflectionsto
prcducesmallerloadings.

Togivea moreillustrativepictureofthechanges,bothchordwi.se
andspanwise,oftheloadingsovertwotypicalcontrolconfigurations,
someiscnn.etricloadingdiagramsareshowninfigure38. Thediagrams
shownareforanangleofattackof60,attheextremecontroldeflections
tested,andtheverticalheightsoftheshadedareasindicatetherelative
magnitudesoftheloadings,positiveabovetheplaneofthewingand
negativebelow.

.

ImiQ@@m2!2mJ-—
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Inordertofacilitatethepresentationofthespanwisenormal-
forceandmoment-loadingresultsforthecompleterangeofthetests
(exceptingthevariationsin.Reynoldsnumberwhichhavebeenshownto
causenegligiblechanges),thenormal-force-loadingparametersdueto
controldeflectionorangleofattack,normalizedby theproperangle,
areplottedacrossthewingspaninfigures39through48. Similarly,
thepitching-moment-loadingparametersarepresentedinfigures49
thro@ 58. Ineachfigure,theresultsfora givenconfigurationand
Machnumiberarepresentedinfourparts: (a)theloadoverthecomplete
wingchorddueto controldeflection;(b)‘theloadoverthecontrolchord
dueto controldeflection;(c)theloadoverthecompletewingchorddue
toangleofattack;and(d)theloadoverthecontrolchordduetoamgl.e
ofattack.Whentheeffectsdueto controldeflectionarebeingconsid-
ered,thedataarepresentedforalloftheavailablecontroldeflections
atthethreebasicanglesofattack,00,60,and12°. Whentheeffects
duetoangleofattackarebeingconsidered,thedataarepresentedfor
alltheavailableanglesofattackat threeselectedcontroldeflections,
-20°,0°,and200.

Throughoutthissectiononthespanwiseloadings,thelinear-theory
predictionsareusedasa basisfordiscussion.Althoughitisrealized
thatthisisa first-orderapproximationtechniqueandisthereforeat
timessubjectto considerableinaccuracies,itisnotconsiderednecesssry
topresenta moreelaboratetheoreticalmethodinviewoftheexcellent
predictionsobtainedby thesimplifiedproceduresdiscussedinrefer-
ence14forthecaseswhereinseparationor shockdetachmentaheadofthe
hingelinehadnotoccurred.Sincethebasicdatausedindevelopingthe
methodofreference14weretakenfromthedataofthepresentreporty
repetitionofthepredictionshereinwouldbe superfluous.

Normal-forceloadingsdueto b.-Ingeneral,thenormal-force
loadingsdueto controldeflection(figs.39through48, parts(a) and(b))
exhibitconsiderablymorescatterthando thenormal-forceloadingsdue
toangleofattack.Thelineartheoryoverestimatesthenormal-force
loadingonthewingdueto controldeflectionby a considerableamount
exceptforthethickenedtrailing-edgeconfigurations(figs.43 and44)
andforalltheconfigurationswhentheseparationor shock-detachment
phenomenaprevailatthehingeline. Sincethepossibilityof shock
detachmenttendstodecreasetowardtheendsofthepartial-spancontrols,
thiseffectismoreevidentonthefti-spancontrols.Theover-
estimationoftheloadingsonthesharptrailing-edgecontrolsby the
lineartheoryexplainsthesimilaroverestimationoftheHft andbending-
momentcoefficientslopesfortheseconfigurationsshowninreference1.
Theassumptioninreference1 thattheincreaseinliftandbending-
momentcoefficientslopesat thehighestangleswascausedby theshock-
detachmentor separationeffectisborneoutby theresultsshownhere,

———— -.
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.

particub.rlyinthattheeffectismorenoticeableonthefull-span
controls.Theeffectofthethickenedtrailingedgeson configurations5 ,
and6,ashasbeendiscussedpreviously,istwofold:Oneeffectisto
increasethe-loadingonthecontrolaspredictedby shock-expansiontheory
(seefig.25)duetotheincreasedpressureonthecompressionside,
andtheotheristo increasetheloadingonthewingdueto separation
or shock-detachmenteffect,extendingfurtherforwardasa resultofthe
attendantincreaseinpressure-riseratio.Thespanwiseplotsof control
normal-forceloadingdueto controldeflectionalsoshowtheanticipated
effectofthickeningthetrailingedgebecausewhereasthelineartheory
considerablyoverestimatestheloadingsofthesharptrai~ng-edgecon-
trols,thelineartheoryisin closeragreementwiththeexperimental
loadingsforthethickenedtrailing-edgeconfigurations.

Thewingnormal-force-loadingplotsshowthattheintegratedcarry-
overfromthecontroltothestationadjacentto thepartingIQes of
theparti~-spancontrolsis considerablylessthanpredictedandin
manycasesisnegligible.Itromthepressure-distributionandchordwise-
loadinganalyses,we lmowthatthisis causedby thenatureofthe
loadingsatthesestationswhichshoweda reversalinloadingfromhinge

.

lineto thetrailingedgeinsomecases,andrelativelysma~ loadings
otherwise.IYomthespanwise-loadingplots,it isetidentthatattimes .
theloadingsduetothecontrolaregreateratthesecondstationfrom
thepartinglineonthewingthanatthefirst(e.g.,fig.40(a)). .
This,too,wasevidentinthediscussionofthechordwiseloadings.

Boththewingandthecontrolnormal-forceloadingsshowthat
althoughthelineartheoryoverestimatestheloadingsnearthemidspan
ofthecontrols,theloadingsnearthepartingIlnesandnearthewing ‘
tipareingoodagreementwiththetheory.Thisindicatesthatthe
dropoffsinloadingsfromthetwo-dimensionalareato thepartingline
orwingtiparenotas largeasarepredictedby thelineartheory.The
crossflowsintheregionofthepartinglinesandtheformationofthe
tipvortexsystem,previouslydiscussedindetailandnotaccountedfor
intheory,apparentlyexp~intheconse~tionofloadinginthese
regions.

Normal-forceloadingsdueto cL.-Thewingnormal-forceloadings
duetoangleofattack(figs..39through48,part(c))are,at 5 = 0°,
nothingmorethanthosefora plainwingandshouldthereforebe identical
for~ oftheconfigurationstestedexceptforthosehavingthickened
trailingedges.Theremarluiblething(concerningthevariousparting-
linegapsandthemodelinconsistencies)isthatnotonlyisthistrue
butalsotheloadingsat b = +200 areidenticalwiththoseat b = OO.
Thelinear-theorypredictionsareexcellentexceptforconfigurations5
and6 (figs.43and4-4),wheretheloadingobtainedisgreaterthan
predictedasmightbe expectedfromtheincreasedtrail@-edgethickness.
Thermjordis~eementbetweenexperimentandtheoryforthewingloadings .

— — .. —.— . .
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CONCLUSIONS

Ikomtheresults,reportedherein,ofamexperimentalandtheoretical
investigationof severalflap-typetraillng-edgecontrohona trapezoidal
wingatMachnunibersof 1.61and2.o1,thefo~owingprimaryconclusions
maybe reached.

PressureDistributions

1.Thepressurechangesdueto increasingthemch numberfrom1.61
to 2.01wereinfairagreementwiththechangespredictedbythe
ll~~i relationship. #

2.Theeffectof increasingtheReynoldsnumberfroml.7x 106
to 5.6x 106wasnegl-igibl-e.

3. The effectonthepressuresof increasingthehinge-~negap
indicatedflowthroughthegapinthedirectionfromthecontrolhigh-
pressuresurfacetothecontrollow-pressuresurface.

4.Bothshock-e-ion theoryandthesemi-infinitelinesource
andsinklinear-theorymethodwereaccurateinpredictingthepressures
duetowingthiclmess.,

5. Shock-expansiontheorywasmosteffectiveinpredictingthe
pressuresdueto controldeflectionandtrailing-edgethiclmess.

6. Linear-theorypredictionsofthewing-tip,control-tip,and
control-parting-lineeffectswere.inmostcasesco~”iderablyinerror
becauseof crossflowandvortexformationsencountered.

7. Viscousseparationand/orshockdetachmentoccuxredaheadofthe
hingelineonthecontrolhigh-pressuresideandaheadofthetrailing
edgeonthelow-pressuresideat thelargerangles.

8. Detachmentoftheleading-edgeshockandlocalizedseparation
ontheuppersurfaceneartheleadingedgehada markedeffectonthe
pressuredistributionsinthisregionofthewingatanglesofattack.

ChordwiseLoadings

1.Theexperimentalloadingsdueto controldeflectionorangleof
attackinthetwo-dimensional.regionsofthecontrolstendedtobe
rec~.

— --—— .- — ——— ——..— -—. ----—.— .. —_-. ——
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2.Theexperimentalloadingsdueto angleofattackoverthecorn.
pletewingchordinthetwo-dimensionalregionstendedtobe triangular.

3. The
orwingtip

experimentalloadingsinthevicinityofthepartingllnes
hadlittleresemblanceto thosepredictedby lineartheory.

S@mch3elimdingt3

1.Separationand/orshockdetachmentaheadofthehingelinehad
littleeffectonthecontrolnormal-forceloadings,butcausedincreased
wingnormal-forceloadings.

2. Increasingthetraihg-edgethicknessincreasedboththewing
andcontrolloadings.

3. b general,theexperimentalvariationsinloadingacrossthe
spsnwerelinearandabout70percentofthetwo-dimensionalvaluepre-
dictedby lineartheory,exceptforthewingnormal-forceloadingsdueto
angleofattack,whichagreedwithlineartheory.

.

4. Thecarryoversofloadingfromthecontroltothewingadjacent
to a partinglineweremuchlessthanthelineartheoryestimatedandin
msmycaseswerenegligible.

5. Theexperimentallossesinloadingfromthetwo-dimensional
regionsonthecontroltotheregionsnearthewingtiporpartinglines
wereconsiderablylessthanpredictedby line=theory.

CentersofPressure

1.Themovementsofthecentersofpressureofthewingloadwith
angleofattackandcontroldeflectionwere,ingeneral,smooth.

.

—
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2.Thecentersofpressureofthecontrolloadingswerelocated
approximatelyatthecontrolcentroidsandwereunaffectedby control
deflectionorangleofattack.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,November14,1955.
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Station

TABLEI

CHORDWIWLOCATIONSOFORIFICES

1
spanwiselocations showninfigure2

NACARM L55J03

Orifices aheadof hinge 13ne:
(orificelocationsidenticalonupperandlowersurfaces)-.

stations 1

0.034
.093
.162
.260

x“ .358

<
.456
.554
.603
.652

I .701
●737

3 I 4 I 7 I 8

0.157
.203
.260
.342
.423
.505
.y%

-.627
.667
“.708
.737

0.275
3$

.42o

.485

.551
,617
.6$
.682
●715
.737

0.394
.414
.449
.499
.548
.598
.648
.673
.697
.722
●737

0.469
.482
.509
.549
.588
.628
.667
.687
.707
.727
.737

Orifices behindhingelines:
(orificeslocatedonuppersurfaceonlyforconfigurations1,2,3,
and4: orificelocationsidenticalonupperandlowersurfacesfor
confi~ations5 and6).

Stations 1 2 3

x—
CR

0.757 0.751
.774 .770
.838 .825
.92 .879
.976 .g40

.875

.934

4 5 6 7 8

o.~o 0.749 0.749 0.748 0● 747
.764 .762 .762 .760 .756
.807 .798 m; ●792 .782
.850 .835- .824 .808
.893 .870 .870 .852 .826

Additionalorificeslocated:Onwinginsidehinge-linegapat stations1,
3,4, 7,md 8 md onc~n~ollead~gedgeat s~tions3>4) 5)7)8. . . . .
whereapplicable.

.

0

.

“
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Figure2.- Locationsof orificestations.
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occursat thetipstationwherethe experimentalloadings are greater

23

thantheoreticallypredicted.Hereagaintheformationofthetipvortex
isbelievedtobe thesustaininginfluence.Thegoodagreementin Mnear
theoryandexperimentalnormal-forceloadingsacrossthespsmisrespon-
siblefortheexcellentpredictionofthewingliftandbendingmoment
dueto u showninreference1 forthisconfiguration. .

Thenormal-forceloadings on the control dueto angle of attack
(figs. 39.ttiou@ 48, wrt (d)) are genera~ similar at the three control
deflections shown,andexhibit little scatter with angle of attack. The
linear theory again overestimatesthe control-section loadings over the
control spansexcept in regiQnsnear the wing tip. In view of the
excellent prediction of the loading over the total wing chord, it appears
that compensatingflow characteristics were responsible. As wasshownin
the pressure-distribution discussion, the loading dueto angle of attack
wasgreater thanpredicted by liriear theory near the wing leading edge
andless near the trailing edge. (See fig. 31.) me experimentalloading
variation obtainedacross the control spantends to be almost linesr
except for the station near the tip for b = -20°, andbears.little resem-
blance to the spanwisevariation predicted by linear theory. .Thesecon-
clusions were emphasizedin the analysis of reference 14.

Pitching-momentloadingsdueto &- Thepointstobe notedfrom
obserwtionof thewingor controlpitching-momentloadingsdueto control
deflection(figs.49 through58,paits(a)and(b))arepracticallyiden-
ticalwiththosepreviouslyemphasizedunderthenormal-force-loading
discussionandwillnotthereforebe discussedindetail.Theseare:
overestimationby thelineartheoryoftheloadinginthemidspanofthe
controlexceptforthethickenedtrailing-edgeconfigurations;lackof
appreciablecarryovernearthepartinglines,largercarryovereffectat
a stationfurtherfromthecontrol,andfailureoftheloadingsonthe
controltodecreaseasmuchaspredictednearthepartinglinesandwing
tip. Theeffectsofhinge-lineseparationor shockdetachment,previously
discussedin conjunctionwiththenormal-forceloadings,appearsasa
decreaseinmomentloadingsat thehighestanglesduetotheforward
movementofthecenterofpressureof theloading.Thisisreflectedin
thedecreasedhinge-momentandpitching-momentslopesat thehighangles
(ref.1). .

Pitching-momentloadings dueto u.- Thewing pitching-moment
loadings due to angle of attack (figs. 19 through58, part (c)) donot
showtheagreementwiththeorythatthewingspanwisenormal-force
loadingsexhibited;themo~nts experimentallyare morepositive except
at thetip station. Thetrendofthevariationinpitching-momentloading
acrossthespanisinagreementwiththelinear-theoryvariationexcept
forthetipstation.IYomthediscussionofthecompensatingfactors
causingthenormal-forceagreement,itappearsthatthemomentdifference
givesfurtherverificationtotheconclusionsreachedtherein.The
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-r~en~l -iation acrossthesw of themomentloading dueto angle
ofattackisapproximatelylinear.Thepitching-momentloadingcausedby ~
theloadonthe-controlduetoangleofattack(figs.49 through58,
part(d))issimilarinnatureto thenormal-forceloading.” Theloading
isgenerallylessthanpredictedexceptat thewingtip,andthevariation
acrossthecontrolspanislinearexceptfor b = -20° nearthetip.

CentersofPressure

Itisofinterestnowto examine the effect of configurationchanges,
&u@e ofattack,andcontroldeflection,onthelocationsofthecenters
ofpressureoftheintegratedwingandcontrolloadings.Me chordwise
variationswithangleofattackarepresentedinfigure59 as plots of
distances in the chordwisedirection from”thewing apexto the total
wing-loadcenter of pressureandfromthe hinge line to the control-load
center of pressure. me spantise variations with angle of attack are
also presentedin figure 59 as plots of distances fromthe wing.root
chordto the total wing-load center of pressureandfromthe wing root
chordto the control-load center of pressure.

Althoughthedataoffigure59 showsomescatter, in general, the
movementof the centers of pressurewith angle of attack andcontrol
deflection is regukr andconsistent. me chordwiseqovementof the
center of pressureof the wing loading with angle of attack is similar
for the various configurations. Theeffect of control deflection on the
wing loading increases as the control size increases, as wouldbe expected.
As the angle of attack is increased, the effect of control deflection
diminishes. The chordwisemovementof the center of pressureof the
control loading with angle of attack andcontrol deflection is nonex-
istent. ‘lhe changesdueto the different configurationsare in agreement
with the movementsof the centroids of area.

Fromconsiderationof the spanwisemovementsof the wing centers of
pressure, it canbe seen that the full-span configurations showno vari-
ations dueto angle of attack andcontrol deflection whereasthe partial-
spanconfigurationsexhibit changessimilar to those previously noted
for the chordwisecenters of pressure. !l!hemagnitudeof the movement
dependson the relative position of the control centroid with respect to
that of the wing. The spantise center-of-pressure location for the con-
trol load remainsconstantwith changesin angle of attack andcontrol
deflection andis in the neighborhoodof the control centroid.
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